Immune mechanisms active against Brucella were studied under conditions of oxygen deficiency. B. melitensis grew in rabbit serum-Tyrode medium flooded with N2 and CO2 gas mixtures. Immune sera from rabbits injected with B. melitensis strain Rev I possessed growth-inhibitory activity that operated in anaerobic environments against Rev I and virulent 
Prior studies on the development of the state of immunity to Brucella infection revealed that injection of the vaccine strain of B. melitensis Rev I produces macrophages of increased resistance to the toxic degenerative effects of virulent Brucella strains. The demonstration of this change required cultivation of oil-induced peritoneal macrophages in the presence of a nonspecific serum factor which remains in anti-Brucella serum after absorption with killed Brucella (5) In addition to this change, immunization was shown to be followed by the appearance of serum factors that accelerate the ability of macrophages to ingest Brucella into drug-resistant sites and facilitate inhibition and killing of Brucella (17) . Some of these serum factors are related to the presence of mercaptoethanol-sensitive globulins (presumably 19S), formed in maximal titer between the second and third week postimmunization, but others are related to heat-stable materials that appear later.
The immunity induced by the living vaccine must eventually be understood in relation to a wide range of physiological conditions within which various cell-serum factors exert a net effect expressed as control of the growth of virulent Brucella cells. These defenses may involve (i) outright destruction and digestion of bacilli, (ii) reduction of the growth rate by sequestering bacilli to areas of limited nutrient or gaseous supply, (iii) induction of self-destruction mechanisms, such as phage lysis or faulty wall synthesis, or (iv) metabolic alterations which render bacilli less toxic and less capable of intracellular growth. Unfortunately, the means by which intracellular killing of Brucella cells is achieved by phagocytes is still as poorly defined as are the changes that enable a virulent organism to persist in chronic infections with granuloma formation. The present study is concerned with the effects of decreased oxygen tension on Brucella-miacrophage interactions.
The 02 tension in air is around 155 mm of Hg, whereas that of venous blood has been reported to average 70 mm of Hg (6) . Further (17) . Briefly, two methods were used: (i) infection for 1 hr at 37 C of 107 rabbit macrophages per ml suspended in serum-Tyrode medium, the Brucella macrophage ratio generally being set at 10: 1; and (ii) infection of the portion of macrophages that fixed to glass within 3 hr after placing 5 (13) .]
Both strains grew at decreasing rates as O2 was progressively removed from the environment (Fig. 1) . Rev I was also capable of growing in normal serum-Tyrode medium in atmospheres flooded with pure N2, but this growth was at a much lower rate than in comparable samples to which 5% CO2 had been added. Macrophage infection under anaerobic conditions. The viability of macrophages was determined by direct counts in the presence of 0.2% eosin-Tyrode solution. By this criterion, macrophage survival in cultures flooded with N2 + CO2 was comparable to that in controls incubated in air. Use of a staining technique (modified Machiavello stain), however, provided visual evidence of morphological differences. Macrophages incubated anaerobically often showed peripheral condensation of cytoplasmic material, irregular, ill-defined membranes, and vacuolated nuclei. These changes resembled the effects of anoxia on cultured lymphocytes, described recently by Trowell (21) . normal rabbit macrophages in normal serum were exposed to Rev I in air for 1 hr (bacterium to macrophage ratio = 27). Since our previous studies had shown that removal of Rev I to streptomycin-protected loci often requires many hours (17) , the macrophages were incubated in their respective gaseous environments for 24 hr to allow large numbers of bacilli to reach intracellular loci before the DHSM (50 ,ug/ml) was added. By 24 hr, over 90% of the anaerobic population was infected, and intracellular bacterial growth progressed until, by 96 hr, the macrophages contained by calculation about 1, 580 bacilli per viable cell, a 13-fold increase over the number of bacilli present at the start of the infection. In air, the infection spread more slowly, being limited to approximately 83 % of the population, but the total viable count rose 36-fold, to a calculated 5,500 per viable macrophage (Fig. 2) . During this period, the macrophages survived in greater numbers under anaerobiosis than under aerobic conditions. Brucella inhibition by macrophage-serum combinations. The combination of immune serum and macrophages was inhibitory, even when the serum itself produced insignificant effects on the bacilli (Fig. 3) . Immune rabbit macrophages (4th week postimmunization) were infected in immune serum (5th week postimmunization) for 1 hr in air (bacterium to macrophage ratio = 2), after which they were suspended in fresh medium and exposed to N2 + CO2. A count taken 72 hr later showed an 85-fold restriction in comparison with (Fig. 4) . However, because of our difficulties in the use of DHSM in this system (17) anaerobic conditions in immune serum, the macrophages took up fewer bacilli (94.2%) than in air (99.4%) but killed a slightly higher percentage (Table 1) . Infection totally under N2 + CO2 resulted in a slightly greater limitation of growth (Fig. 5a ) at 72 hr, correlated with a slower spread of infection through the macrophage population (Fig. 5b) . Immune serum mediated better inhibition of Rev I than normal serum (Fig. 5a) and also delayed the spread through the macrophages (Fig. 5b) , irrespective of whether the phagocytosis had taken place under aerobic or anaerobic conditions. Infection of macrophages fixed to glass. In the above studies, infection was accomplished without any prior attempt to sort out macrophages with respect to possible functional differences. There has been recent evidence that leukocytes Immune macrophages from animals immunized with multiple injections were exposed to Rev .1 bacilli at a bacterium to macrophage ratio of 1.56 in IS (pool of sera from 3rd, 8th, and 12th weeks postimmunization) and NS. After 1 hr at 37 C, the macrophages were sedimented; the supernatant fluid was filtered through 5-Am membranes and assayed for nonattached bacilli. The percentage of bacilli (B) phagocytized = (1 -Bfree)/Binput X 100.
c Killing of bacilli (B) = (1' -Brecovered)/Binput X 100.
d Macrophage recovery = no. of viable macrophages after 1 hr at 37 C/no. of macrophages exposed to bacilli X 100. which adhere to glass exhibit excellent growthinhibitory properties (8), and we have also reported that the Rev I strain was more effectively inhibited by adherent peritoneal macrophages than by the total population. This property was shown by both immune and normal rabbit macrophages, although the two types differed with respect to the proportion of each fixed to glass during infection (Ralston and Elberg, Brit. J. Exptl. Pathol., in press).
Amounts of 1 ml of immune rabbit macrophages (3rd week postimmunization) at a concentration of 5 X 105/ml were allowed to attach to glass for 3 hr under anaerobic conditions before being separated from nonadherent cells. Then 0.2 ml of Rev I bacilli (2.5 X 107/ml) was added to the cell sheet, and infection was initiated under N2 + CO2 in immune serum (3rd week postimmunization). After 1 hr, the infected macrophages were washed to remove free bacilli and were returned to N2 + CO2 in fresh immune serum-Tyrode medium. A similar infection was carried out in air. The extent of growth limitation was measured by simultaneous comparison with macrophages infected in normal serum. Because we had observed earlier that heated serum contained a factor that caused inhibition of growth in the absence of macrophages, we used heated serum to stimulate normal and immune rabbit macrophages to phagocytize and restrain the growth of Brucella cells.
In these tests, the immune serum contributed to phagocytosis, killing, and growth restriction by fixed macrophages, and all three responses occurred very well under anaerobic conditions ( Table 2 , Fig. 6 ). During the first hour of infection, immune macrophages in immune serum took up and killed more bacilli than normal macrophages, but after this period, both kinds of macrophages became infected at similar rates. In comparison with normal serum, the Brucella growth was significantly depressed, indicating aNRM and IRM = normal and immune rabbit macrophages; NS and IS = normal and immune sera; h designates serum heated to 65 C for 15 min immediately after withdrawal from the animal; f designates a serum used within a few hours after collection without any additional treatment except filtration through 0.45-,um membranes; 3 designates the 3rd week postimmunization. that immune serum enabled both immune and normal macrophages to sustain a prolonged growth inhibition. This inhibition was maintained under anaerobiosis. Unheated immune serum also promoted uptake and killing, and was effective under anaerobic conditions ( Table 2 ), suggesting that both heat-labile and heat-stable serum factors are involved in the macrophage response. These in vitro tests show that the functions of the fixed portion of the macrophage population are not impaired by anaerobic conditions. Inhibition of Rev I by macrophage extracts. Equal numbers of infected and uninfected macrophages were placed for 1 hr at 37 C, after which 0.45-am filtrates of each were tested for their ability to limit growth under anaerobic conditions. Filtrates from both parasitized and uninfected immune cells reduced the growth in comparison with filtrates from normal macrophages.
To determine whether immune macrophages contained agents which could act extracellularly, extracts prepared by ultrasonic disruption were tested against known numbers of Rev I bacilli. CO2. Further, when 02 was removed from the environment, immune serum mediated a sustained growth-restriction by infected macrophages, a response earlier described under aerobic conditions (5; Ralston and Elberg, J. Reticuloendothelial Soc., in press). This restriction was often far greater than that observed in the serum alone, suggesting that macrophages play an active role, perhaps by concentrating the serum into intracellular loci or by contributing additional inhibitory agents, or by a combination of these effects. Evidence that the macrophages contribute inhibitory agents was derived from our observation that growth could be inhibited by macrophage extracts mixed with serum-Tyrode medium.
In many of our tests with infected macrophages, the initial hour of phagocytosis was accompanied by killing of a high percentage of bacilli. This response was negligible when unseparated cell exudates from normal rabbits were infected in normal serum but became evident when that fraction of cells which fixed to glass was infected. When immune rabbit macrophages were infected in immune serum (both at the 3rd week postimmunization), the initial uptake of bacilli (which was usually far greater than in normal serm) was followed by a period of killing that lasted for 24 hr. The survivors of this treatment then multiplied, but at greatly reduced rates. Anaerobiosis did not obliterate these responses. The effects could be demonstrated in serum heated at 65 C for 15 min, indicating that heat-labile components of complement were not involved.
The growth restriction was not due to exhaustion of nutrients from the macrophage cultures, because it was eventually followed by a rapid increase in viable count.
Although both cellular and serum elements are involved in the response of the rabbit to Rev I infection, the exact function of each in the in vivo disposal of bacilli remains to be clarified. A large number of observations on cellular responses to infection indicate that a range of nonspecific cross-protection occurs with respect to such organisms as Listerella monocytogenes and Mycobacterium tuberculosis (5, 14) . There has been recent evidence that mice infected with the protozoan Toxoplasma gondii develop increased resistance to Listerella and Salmonella infection (18) . The extent to which these responses can operate under conditions of decreased 02 supply is largely unknown. The nature of the crossprotection would suggest that a general mechanism for control of growth can be evoked in certain cells.
In the case of tuberculosis, a number of observations have indicated that one consequence of the immune response is a forcing of bacilli into more anaerobic pathways of metabolism (12, 19 ). An agent, mycosuppressin (22) , isolated from the lungs of BCG-immunized mice, inhibits the respiration of tubercle bacilli. There have been suggestions (12) that the immunity induced by the BCG vaccine results in a slowing of growth and change to a form resistant to clearing mechanisms, rather than in an elimination of all bacilli. Thus, in chronic granulomatous diseases protection might be two-pronged: (i) development of a mechanism to kill and destroy rapidly growing bacilli and (ii) forcing of survivors into a slower rate of growth by agents that suppress oxidative metabolism or by tissue responses serving to exclude O2 from the environment. In this respect, the more virulent strains of tubercle bacilli were shown to be more capable of anaerobic growth than the less virulent bacilli. Unfortunately, although there appear to be provocative indications that the in vivo residence of the tubercle bacillus is affected by relative anaerobiosis, corresponding information for Brucella is lacking. Most studies concerning 02 deficiency have been concerned with rough-smooth variation and the survival of organisms in immune serum (1-3) . The antiserum of our present studies slowed the multiplication of Brucella under both aerobic and anaerobic conditions. We do not yet know whether one or two or even multiple factors are concerned in this control, or whether the material(s) which acts to restrict growth in the absence of macrophages is the same factor that enables macrophages to add to the degree of inhibition of growth of Brucella. It is conceivable that antibodies may be found which exert their biological effects only when the organism is placed into oxygen-deficient conditions. (It is difficult to see how specific antibodies might play any role in cross-protection, unless they contribute nonspecific stimulation to the macrophages).
There have been numerous studies on the metabolic responses of leukocytes from various sources during phagocytosis and infection (4), but detailed information on the characteristic changes of cells from immune animals is still lacking, as are data concerning their function under conditions of changing oxygen supply. Recent studies by Iyer, Islam, and Quastel (11) and McRipley and Sbarra (15) on the mechanism of killing by polymorphonuclear leukocytes have led to the theory that under aerobic conditions peroxide formation contributes to the defense capacities of the cells. However, only a limited range of bacteria was affected, and the studies by Fitzgeorge, Keppie, and Smith (7) indicated that the virulence of Brucella was not correlated with its resistance to peroxides, making it evident that other mechanisms must be involved. That peritoneal macrophages possess a mechanism for killing under anaerobic conditions has been demonstrated by Nakae, Nakano, and Saito (16) in studies with Salmonella and Escherichia coli.
Our studies with strain Rev I appear to be among the first tests of the relative capacity of macrophages from animals immune to Brucella to kill and restrict growth under anaerobic conditions. The results indicate that immunity developed to the vaccine produces cellular and serum factors that operate over a wide range of gaseous 02 supply. One or more mechanisms may be involved in these responses. It will be important to determine the extent to which this capacity applies, if at all, to the cross-protective immunity afforded to other intracellular infections.
